Multiwell plate and pipette systems have revolutionized modern biological analysis; however, they have disadvantages because testing in the submicroliter range is challenging, and increasing the number of samples is expensive. We propose a new microfluidic methodology that delivers the functionality of multiwell plates and pipettes at the nanoliter scale by utilizing drop coalescence and confinement-guided breakup in microfluidic parking networks (MPNs). Highly monodisperse arrays of drops obtained using a hydrodynamic self-rectification process are parked at prescribed locations in the device, and our method allows subsequent drop manipulations such as fine-gradation dilutions, reactant addition, and fluid replacement while retaining microparticles contained in the sample. Our devices operate in a quasistatic regime where drop shapes are determined primarily by the channel geometry. Thus, the behavior of parked drops is insensitive to flow conditions. This insensitivity enables highly parallelized manipulation of drop arrays of different composition, without a need for fine-tuning the flow conditions and other system parameters. We also find that drop coalescence can be switched off above a critical capillary number, enabling individual addressability of drops in complex MPNs. The platform demonstrated here is a promising candidate for conducting multistep biological assays in a highly multiplexed manner, using thousands of submicroliter samples. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Biological and biomedical applications such as drug screening, 1,2 cellular assays, 3, 4 DNA analysis, 5, 6 and protein crystallization 7, 8 require high-throughput manipulation of multiple fluid samples of precisely specified volumes and composition. Complex multistep assays rely upon dispensing well-controlled amounts of reagents into each sample at specified times as well as sample dilution and removal of excess fluid. Moreover, suspended solid particles (such as cells) are often the key component of the system and need to be retained when samples are manipulated.
Multiwell plates and automated pipetting systems have revolutionized modern biological analysis, providing the above functionality. The multiwell storage allows easy barcoding for identification and retrieval of samples, and pipettes can dispense known volumes of fluids into wells. However, these systems suffer from a critical constraint: it is difficult to scale down sample size to submicroliter volume, due to fluid evaporation and pipetting errors. 9, 10 Since small volumes are crucial to large-scale high-throughput devices in which numerous samples are manipulated simultaneously, throughput of current multiwell-plate/pipette systems is limited. a) Author to whom correspondence should be addressed. Electronic mail: siva.vanapalli@ttu.edu Moreover, sample/reagent volumes ultimately determine the diversity of biological assays that can be conducted.
Drop-based microfluidics has the potential to bring about a paradigm shift in fluid handling and manipulation at the submicroliter scale. [11] [12] [13] [14] Rapid production of monodisperse drops 15, 16 has already enabled large-scale assays in which millions of picoliter-volume drops served as individual reaction chambers. [17] [18] [19] [20] However, this exquisite ability to downscale fluid volumes using microfluidic drops is not yet accompanied by techniques for manipulating individual drop volumes with the same easiness and flexibility as multiwell-plate/pipette systems. For example, current drop-storing methods [21] [22] [23] [24] [25] [26] [27] [28] are not flexible enough to yield drops of controllable volume as they require simultaneous optimization of drop size, flow conditions, and network architecture. Moreover, very little progress has been made on modifying the contents of stored drops. 29 Recent development of microfluidic parking networks (MPNs) to generate and manipulate static drop arrays (SDAs) 22, 24, 30 has been an important step towards achieving in microfluidic devices the functionality of automated multiwell-plate/pipette systems. As shown in Fig. 1(a) , an MPN consists of a series of interconnected parking loops; each loop has a bypass channel and a lower branch containing a fluidic trap. When a train of drops passes through an MPN, the drops are sequentially parked in the traps ( Fig. 1(a) ), and the rest of the drop train travels through bypass channels. Similar to individual wells in multiwell plates, the parked drops have well-defined geometrical positions, which enable easy sample identification.
However, the use of non-coalescing drops by adding excess surfactant (a standard practice in the drop-based microfluidics) in current parking networks hinders their potential to serve in the integrated devices for biological analysis. The key obstacles (described in more detail in Sec. II A) include (i) difficulties in obtaining highly monodisperse drop arrays due to natural instabilities of the flow in the parking network (see Fig. 1 (b) (see integral multimedia file Fig. 1(b) )); (ii) problems with handling suspended particles (such as cells); and (iii) lack of methods for controlled reagent addition and removal (only recently have attempts been made in this direction 29 ). We show that all three issues can be solved by replacing non-coalescing drops with coalescing drops in which the surfactant concentration is tuned, and harnessing coalescence between moving drops and trapped drops, followed by a confinement-guided breakup. The volume of a trapped drop after breakup is determined primarily by the geometry of the trap and bypass channel and is insensitive to flow conditions (provided that the capillary number is small). Thus, when a train of drops passes through an MPN, a series of coalescence and breakup events produces an SDA with highly controllable reproducible volumes. We refer to this novel collective flow regime, illustrated in Fig. 1 (c) (see integral multimedia file Fig. 1(c) ), as hydrodynamic self-rectification.
A similar coalescence and breakup process allows for reagent addition and removal. As demonstrated in our study, the addition and removal operations can be performed while retaining solid particles enclosed in the trapped drops. In what follows, we show that the processes of hydrodynamic self-rectification and fluid exchange are sufficiently robust to be used in complex multiplexed networks, without a need for precise optimization of system geometry and flow parameters. Thus, MPNs with coalescing drops not only provide the essential functionality of multiwell-plate/pipette system, but are also a promising candidate for developing large-scale multiplexed devices for high-throughput assays.
II. RESULTS AND DISCUSSION
A. Limitations of current approaches to store drops in MPNs
A train of small drops
In a typical MPN experiment, a train of non-coalescing surfactant-covered drops of volume V d comparable to the trap volume V T is injected into the device, since drops smaller than the trap cannot be effectively stored due to lower squeeze-through threshold. 22, 30 Leading drops of the train enter the bypass channel, thus increasing its resistance. When the resistance exceeds a threshold value (determined by the trap-channel geometry), the next drop enters the trap where it gets parked ( Fig. 2(a) (see integral multimedia file Fig. 2(a)) ). This process repeatedly occurs at subsequent traps.
This simple method is capable of producing SDAs for a relatively wide range of conditions. However, as shown in Fig. 2(b) , monodisperse arrays with drops of well-controlled volumes are obtained only in a narrow region of the control-parameter space. This restriction severely limits the flexibility of the approach and its usability in large-scale applications.
Key hydrodynamic mechanisms that cause nonuniform size distribution of parked drops are illustrated in Fig. 2 . These mechanisms include (i) development of highly nonuniform drop spacing due to the hydrodynamic coupling through the connected trap and bypass channels (cf. Fig. 2(a) ); and (ii) drop breakup at the trap entrances, induced by encounters of two closely spaced drops (cf. Fig. 2(c) ). The above mechanisms are interrelated: the irregular drop spacing in the MPN produces varying conditions at the trap inlets causing frequent collision-induced breakup events and, therefore, polydispersity of arrays in majority of the tested flow conditions.
The highly nonuniform drop spacing is an intrinsic feature associated with the network topology. As illustrated in Fig. 2(d) , when a drop enters the bypass channel, more fluid leaks through the trap channel allowing the trailing drops to catch up. After a drop is parked in the trap, the leak stops, and therefore, the drop spacing does not recover at the exit of the bypass channel. Simplified numerical simulations where drops are treated as mobile point-like fluidic resistors 31 reveal that the distance between drops keeps decreasing as more loops are traversed ( Fig. 2(e) , see integral multimedia file Fig. 2(e) (upper) ). This natural hydrodynamic instability persists over a wide range of inlet drop-spacing values and branch-resistance ratios ( Fig. 2(f) ), resulting in collisions and the associated drop polydispersity.
Parked drops produced by a long plug
The above instability can be avoided by replacing a train of short drops with a single long plug of volume much greater than the trap volume, V d /V T ) 1. 24, 29 As shown in Fig. 3 , after a portion of the plug fills a trap, the tail of the plug arrives at the junction and breaks off, leaving a parked drop with a well-defined size determined by the trap volume.
This method produces highly monodisperse SDAs and works well with soluble reagents ( Fig. 3(a) ). However, it is not suitable for storing drops that contain insoluble materials such as cells or microparticles, because particles segregate to the rear of the plug producing parked drops with composition that varies in an uncontrollable manner ( Fig. 3(b) ). The non-uniform material distribution is caused by particle sedimentation across micron-scale channel depths, resulting in slower particle movement compared to the average fluid velocity. 32, 33 The longplug method also has other problems, such as the need for optimization of the number and volume of long plugs as the size of the MPN increases. 
B. Hydrodynamic self-rectification
As shown above, current methods for generating SDAs using a train of non-coalescing drops suffer from flow instabilities that lead to polydispersity of the array of parked drops. This poor control of drop volume hampers broader applications of MPN-based techniques. Here, we demonstrate that switching from non-coalescing to coalescing drops by tuning surfactant concentration eliminates the polydispersity problem. Because drops are capable of coalescence, polydispersity is eliminated by correcting volumes of parked drops after the SDA has been created. The volume correction, achieved via the hydrodynamic selfrectification process provides a robust and flexible method for creating and manipulating SDAs.
Basic mechanism
As illustrated in Figs. 1(c) and 4(a), the hydrodynamic self-rectification involves momentary coalescence between drops of a moving train and a drop parked in an underfilled or overfilled trap. Drop coalescence at the trap entrance is followed by detachment of a drop carrying away the excess fluid. This process produces a parked drop with corrected volume determined by the trap geometry. The detachment of the moving drop occurs under quasistatic conditions, 34 because the flow-based capillary number is small, Ca ¼ l o U/c ( 1 (where l o is the viscosity of the carrier phase, U is the total mean fluid velocity, and c is the interfacial tension). The shape of the interface during the breakup event is thus insensitive to the flow conditions, and therefore, the drop volume is primarily determined by the geometry of the trap and the junction between the trap and bypass channels (Fig. 4(b) ).
Our experiments show that as the self-rectification process progresses, the monodispersity of the array further improves. This is because when all traps are already filled, there is little flow through the trap channels, and therefore the drops in the trailing part of the moving train maintain uniform spacing. Thus, trailing and parked drops experience nearly identical rectification conditions at every loop, resulting in highly monodisperse SDAs. 
Regime of self-rectification
To identify the limits of operability of the rectification mechanism, we conducted a series of experiments in which the size, spacing, and mean velocity of the drops in the train entering the MPN were varied (which was achieved with the help of auxiliary side-channels downstream of the drop generator). Fig. 4(c) with two independent parameters, the drop-to-trap volume ratio V d /V T and capillary number Ca, shows the rectification region in which monodisperse SDAs were obtained. The rectification domain V d /V T > 1 and Ca < Ca* ¼ 0.002 is large, demonstrating that the method for drop-volume correction is highly flexible, and no precise optimization of system parameters is needed. Moreover, since highly monodisperse arrays can also be achieved with surfactant-covered drops (see Fig. 4(c) ), the rectification method can be used in biological assays where biocompatible surfactants are needed to prevent adsorption and transport of biomolecules across the drop interface.
The self-rectification phenomenon was not observed above the critical capillary number Ca*. Our analysis shows that for Ca > Ca*, the parked drop deforms significantly, blocking the constriction in the trap. As a result, fluid flow through the trap channel is reduced, and passing drops do not penetrate into it deeply enough for coalescence with the parked drop to occur. Consistent with this mechanism, the border of the self-rectification region represented in terms of the rescaled capillary number Ca 0 ¼ DPw/c (where DP is the pressure drop across the trap and w is the trap diameter) is Ca 0 ¼ O (1), as indicated by the top scale in Fig. 4(c) . This physical picture is further confirmed by images of the drop shape in the trap and by the measurements of the flow-rate ratio Q T /Q B between the trap and bypass channel, depicted in Fig. 4(d) .
In the above analysis, DP is assumed to be as the pressure gradient when the parked drop fully blocks the constriction, which is given by DP % Q M R B , where Q M and R B are the total flow rate and hydrodynamic resistance of the bypass channel. The hydrodynamic resistance of the bypass is calculated from the length, width, and height of the bypass channel using the analytical equation for hydrodynamic resistance of a rectangular channel. 35 These two quantities are known from the bypass geometry and the total flow rate supplied to the device allowing us to determine DP and the rescaled capillary number.
C. Fluid manipulation in arrays of stored drops
Precisely controlled exchange of fluids
The mechanism responsible for hydrodynamic self-rectification (i.e., drop coalescence followed by the geometry-guided breakup) also provides simple means for controlled fluid exchange between the parked and moving drops. Such a two-way fluid transfer is illustrated in Fig. 5 (a) (see integral multimedia file Fig. 5(a) ), which presents a series of encounters between a stationary drop preloaded with reagent and water drops in a train moving through the bypass channel.
The images show a steady decrease of the reagent concentration in the parked drop, C p . The concentration evolution is quantitatively represented in Fig. 5(b) for two sizes of passing drops. Since a fixed fraction a of the stationary-drop fluid is replaced at each encounter, the reagent concentration C p decreases by the factor 1 À a as a result of a coalescence/breakup event. It follows that the reagent concentration evolves according to the geometric progression:
where N is the number of encounters, and C 0 is the initial reagent concentration. The experimental results presented in Fig. 5 (b) agree well with Eq. (1), showing a fine gradation of dilution with a of the order of several percent. This dilution step size is far smaller than the one obtained using pipettes and can be controlled by the drop-size ratio and channel geometry.
The rectification-inspired fluid-exchange method can be used to add or remove reagents from stored drops at well-defined time points, similar to the functionality of pipettes. Moreover, analogous to serial dilutions created by pipettes, the basic concept of dilution can be expanded to precisely control fluid exchange between several stored drops, producing static drop arrays with fine gradation in composition (Fig. 5(c) (see integral multimedia file Fig. 5(c) ), see also Ref. 29) . The concentration gradation and range in the array can be simply manipulated by volumes and initial composition of moving and stored drops.
Reagent removal from particle-loaded droplet arrays
The gravitational settling of particles that hampers applicability of long plugs for storage of insoluble materials (see Fig. 3(b) ) can be exploited in the small drops to retain particles at the bottom of the drop, while fluid-exchange is performed by moving coalescing drops. This approach is very similar to exchanging fluids in multiwells after cells have sedimented. Fig. 6 demonstrates this ability to replace fluids while particles are retained in drops.
As shown in Fig. 6(a) , coalescing drops containing particles can be injected into the MPN, and monodisperse particle-laden droplet arrays can be produced using the rectification method (Fig. 6(b) ). The particle distribution in the rectified static drops closely follows Poisson statistics (see Fig. 6(c) ). The dye in the particle-loaded drops is replaced by coalescing water drops (Fig.  6(d) (see integral multimedia file Fig. 6(d)) ), mimicking the washing steps performed with pipettes in multiwell plates. (10 loops) . Reagent (fluorescent dye) concentration variation is observed in both the stationary and moving drops. (Bottom) The corresponding normalized reagent concentration in the parked drops as a function of the number of coalescence events for several trapped drops having same volume but different locations in the MPN. As expected we find that the reduction in reagent concentration is much more for the first parked drop than the parked drops located further downstream in the MPN. The 3rd drop concentration is higher than the 7th drop due to some moving drops not coalescing with the 3rd parked drop. The MPN geometry is same as that of Fig. 1 This ability to retain particles while soluble reagents are being added or removed persists over a sufficiently broad range of capillary numbers (see Fig. 6(g) ).
D. Versatility of coalescence-based approach
The results presented in Secs. II B and II C show that MPNs with coalescing drops can provide the essential functionality of multiwell-plate/pipette systems. In particular, highly monodisperse submicroliter size SDAs can be created using hydrodynamic self rectification mechanism, reagents can be added to or removed from the static drops on demand, and the technique is well suited for manipulating fluids with suspended particles.
We have also shown that the parameter space where geometry-controlled momentary coalescence of drops occurs is large, and due to the geometry-guided breakup mechanism the resulting sizes of parked drops are insensitive to flow conditions (such as the flow rate and size of moving drops in delivery trains). Our MPN-based techniques can thus be used without elaborate optimization of the system parameters. This robustness of the method makes it well suited for engineering large-scale systems of coupled MPNs. The versatility and flexibility of the coalescence-based MPN techniques is illustrated in Fig. 7 . We can produce highly monodisperse static arrays of hundreds of drops ( Fig. 7(a) shows an array of 384 drops, which is a typical number of wells in a multiwell plate). Furthermore, not only monodisperse SDAs can be obtained but also arrays with varying drop volumes predetermined by the size of microfluidic traps (Fig. 7(b) presents an SDA with drop volumes gradually decreasing from 25 nL to 5 nL). Our method is also suitable for multiplexing using coupled MPNs controlled by shared fluid sources to reduce operational complexity of parallelization. Fig. 7(c) shows a network with four hydrodynamically coupled drop generators to deliver fluids of different composition using a single source of the carrier fluid. Fig. 7(d) presents an alternative MPN design consisting of 24 inlet reservoirs, each loaded with a different reagent delivered using a common suction pressure at the outlet. All the above tasks can be achieved using nanoliter to microliter size drops (i.e., volumes several orders of magnitude smaller than the minimal volume in multiwell plates).
Our methods offer a promising substitute for multiwell plates and robot-aided pipettes, with benefits of substantially smaller sample volumes and reagent consumption, highly parallelized analysis, and competitive throughput. We estimate that O (10 4 ) drops can be parked in a footprint equivalent to a conventional multiwell plate (see supplementary material text 1.1 36 ). Given that drop parking and rectification rate ranges from 1 to 10 drops per second (which is typical of geometry-driven breakup processes 16 ), we can perform parallelized storage in several minutes. A similar timescale will be needed to perform tasks such as reactant addition or removal.
III. CONCLUSIONS AND OUTLOOK
Drop-based microfluidics is one of the most promising technologies for lab-on-chip applications, where submicroliter-size drops serve as natural miniaturized reaction chambers. The small volumes and easiness with which numerous drops can be generated make drop-based microfluidics a natural candidate for developing high throughput systems for biological-analysis applications.
While some large-scale applications have been demonstrated, 17, 18 they are mostly limited to processes where identical initial conditions in each drop are sufficient, and no manipulation of drop content is necessary after creating the initial state. The techniques developed here overcome these limitations, and therefore may bring a paradigm shift in drop-based microfluidic applications. We have shown that storing drops in prescribed places and precise manipulation of drop content can be achieved in a simple and versatile system with an inexpensive worldto-chip interface (in contrast to much more complex valve-based microfluidic technology 37 ). The capabilities demonstrated herein can be used in a variety of configurations, ranging from simple inexpensive assays with drops manipulated by a hand-operated syringe to complex multiplexed systems with thousands of drops whose content is controlled in space and time using a small number of pressure sources. With a proper time control of the flow rates through the parking network, the proposed methodology may allow not only global fluid exchange in entire static arrays, but also ensure individual drop addressability (since the coalescence between the parked and moving drops is switched off above the critical capillary number). In situations where passive coalescence may not be achievable, for example, due to excess surfactant, electrocoalescence 38, 39 can be used to trigger on-demand fluid addition or replacement providing sophisticated functionalities for drop-based microfluidics.
The proposed drop-based MPN platform complements existing high throughput droplet devices by providing the multiwell plate functionality (which is currently lacking). The platform has significant potential for multi-step biological analysis where reagents need to be added to or removed from stored drops, for example, in cell culture and cytotoxicity assays. Our techniques may therefore help to transform drop-based microfluidics into a powerful and versatile technology for precise fluid manipulation at the submicroliter scale.
IV. MATERIALS AND METHODS

A. Device design and fabrication
We fabricated polydimethyl siloxane (PDMS) devices using soft lithography. 40 For details of the device design and dimensions of the branches and traps, see supplementary material Tables S1 and S2. For Figs. 3(b) and 6, black dyed polystyrene beads (10 lm diameter, Polysciences) at particle densities of 5 Â 10 5 per mL were used.
C. Microfluidic experiments
Trains of small confined drops are injected into the MPN by controlling the aqueous and oil flow rates Q w and Q o at an upstream T-junction, using syringe pumps (PHD2000, Harvard Apparatus). Long plugs were generated using a cartridge method. 8 Experiments were conducted on a stereo microscope (SZX16, Olympus) and inverted microscopes (IX-70 and IX-71, Olympus). Movies were recorded using high-speed cameras (PCO1200, Cooke Corp; Phantom v310, Vision Research Inc. and StreamView-LR, SVSI) and still images were acquired using a color camera (PL-B776F, PixeLINK; Edmund Optics). Images were analyzed to determine the polydispersity in the droplet array. Both the capillary number Ca ¼ l o U/c and Reynolds number Re ¼ q o UH/l c corresponding to this study are smaller than 0.01. Here, q o ¼ 840 kg/m 3 , U ¼ 0.75À8.5 mm/s and H ¼ 75À200 lm are the density of the mineral oil, the total mean velocity and channel height, respectively.
In Fig. 4(d) , we quantified the flow rate ratio of the branches by measuring the maximum fluid velocities in the bypass and the main channel using particle-tracking velocimetry. After trapping the drops using rectification, we pumped a solution of 0.5 wt. % hollow glass beads (3 lm diameter, Polysciences, Inc.) in mineral oil into the MPN. The tracer particles were tracked at the intersection of the horizontal and vertical mid planes (along the height and the width of the channel) in both the main channel and the bypass of the loop. The measured velocity of these tracer particles at the midplane corresponds to the maximum fluid velocity (V max ) in the respective channel. The average fluid velocity and flow rate is then given by
Q ¼ V avg A;
where b is proportionality constant that depends on the height and width of the channel and A is the cross sectional area of the channel. The proportionality constant b is the same for the main channel and the bypass as the height and width of these channels are identical. Therefore, the ratio of flow rates in the main channel and the bypass ( 
In Eq. (4), the subscript index M and B refer to main channel and bypass, respectively. Since V max,M and V max,B are measured experimentally, Eq. (4) allows us to determine the flow rate ratio between the trap and the bypass channel (
D. Data analysis
All images and movies were analyzed using Image J v.1.43r. The volume of drops (V d ) in the train was calculated by measuring the length of the drop and then multiplying by the width and height of the channel. This method of calculating V d yielded values that are within 2% of the values that would be obtained by taking the ratio of aqueous flow rate to droplet production frequency.
To quantify the polydispersity in the static drop array generated from either coalescing or non-coalescing drops, we measured the volume of trapped drops, and defined the polydispersity as percentage of the coefficient of variance of volume of trapped drops in the array. The volume of trapped drop (V T ) was calculated by multiplying the projected area of the droplet from the image with the height of the device. We verified that this approach was sufficiently accurate by comparing the volume of the drops before and after parking (by analyzing the movie where there was no drop fragmentation), and found them to differ by less than 1.5%. The static drop array was considered to be monodisperse when the polydispersity was between 1%-5%.
E. Simulation of drop traffic in MPN
The traffic model is based on treating drops as point objects that impose a fixed flow resistance. 31 At a junction, drops always choose the branch with the highest flow rate. The flow rates and pressure drop in branches are computed using relations analogous to Kirchhoff's laws for electrical circuits. Details of the simulation algorithm and the choice of modeling parameters are described in supplementary material text 1.3. 
